IL-2 is a potent T cell growth factor that for many years was assumed to amplify lymphocyte responses in vivo. Accordingly, IL-2 has been used clinically to enhance T cell immunity in patients with AIDS or cancer, and blocking Abs to the IL-2R are used to inhibit T cell responses against transplanted tissues. It was later shown in mice that, unexpectedly, disruption of the IL-2 pathway results in lymphoid hyperplasia and autoimmunity rather than immune deficiency, indicating that the major physiological function of IL-2 is to limit rather than enhance T cell responses. This apparent paradox has recently been resolved with the discovery that IL-2 is critical for the development and peripheral expansion of CD4 ؉
I
nterleukin-2 was the first T cell growth factor to be molecularly cloned and remains the cytokine of choice for the propagation of T cells in culture (1) . Because IL-2 can potently induce T cell expansion in vitro, it was assumed for many years that IL-2 played an analogous role in amplifying T cell responses in vivo. This assumption led to the development of therapeutic strategies aimed at modulating IL-2 signal strength for clinical benefit. On the one hand, IL-2 itself is infused in patients with cancer or AIDS to enhance T cell numbers and function (2, 3) . In contrast, Abs to the IL-2R are used to inhibit IL-2 signaling to suppress the rejection of transplanted organs (4) . These agents show clinical efficacy in some cases, lending support to the notion that IL-2 serves as an important T cell growth factor in vivo. However, this same notion is strongly challenged by studies from the past decade showing that mice engineered to lack the IL-2 or IL-2R genes are not markedly immunocompromised but instead develop severe T cell-mediated autoimmune disease (5) (6) (7) . This raises the striking paradox of a cytokine that drives T cell proliferation in vitro being somehow required to limit T cell responses to self-Ags in vivo. Today, while clinicians move forward with human trials in which IL-2 signaling is enhanced to promote immunity or inhibited to promote tolerance, many basic immunologists now view IL-2 as having precisely the opposite properties in vivo. Clearly, we need to better understand the physiological role of IL-2 in immunity and self-tolerance so that clinical manipulation of IL-2 signaling can be rationally tailored to achieve the maximum therapeutic benefit in patients.
IL-2 basics
IL-2 is a typical four ␣ helix cytokine and is produced primarily by activated CD4 ϩ T cells, although expression by naive CD8 ϩ T cells, dendritic cells, and thymic cells has also been reported (8 -11) . In T cells, IL-2 synthesis is tightly regulated at the mRNA level by signals from the TCR and CD28 (12) . IL-2 binds to and signals through a receptor complex consisting of three distinct subunits designated IL-2R␣ (CD25), IL-2R␤ (CD122), and common ␥-chain (␥ c ; 2 CD132) (13) . All three subunits are required for high-affinity binding of IL-2. In the absence of IL2R␣ expression, IL-2R␤ and ␥ c can form an intermediate affinity receptor that is fully competent to signal. However, the high-affinity receptor appears to be the only physiologically relevant form of the IL-2R, as CD25-deficient mice (which express the intermediate affinity IL-2R only) are phenotypically indistinguishable from IL-2-deficient mice (5, 6, 14) . One cannot discuss IL-2 without also considering the closely related cytokine IL-15, which signals through the ␤ and ␥ c subunits of the IL-2R but utilizes a unique IL-15R␣ chain instead of CD25 (15) . As a result of the shared usage of IL-2R␤ and ␥ c , IL-2 and IL-15 appear to generate identical intracellular signals. However, the cytokines have distinct in vivo properties, presumably due to different expression patterns of the cytokines and their respective ␣ receptor subunits.
Phenotypic consequences of IL-2 and IL-2R deficiency
In young mice lacking a functional IL-2 or IL-2R␣ gene, mainstream T, B, and NK cell development and seeding of the periphery is largely normal (5, 6), although there is impaired development of TCR␥␦ T cells and TCR␣␤ T cells of the CD8␣␣ subset (16, 17) .
IL-2R␤
Ϫ/Ϫ mice also show grossly normal T and B lymphopoiesis, but, owing to lost IL-15 signaling, these mice completely lack NK cells and extrathymically derived T cells (18) . When tested in vitro, T cells from IL-2-and IL-2R␣-deficient mice show impaired proliferation and effector functions (5, 6, 19 -21) . Nevertheless, these mice are generally immunocompetent, can resolve experimental viral infections, and can reject cardiac and islet cell allografts, albeit with reduced cytolytic activity (19, 20, (22) (23) (24) .
Despite beginning life with an overtly normal immune system, at 4 -6 wk of age IL-2-and IL-2R␣-deficient mice start to show massive enlargement of lymph nodes, spleen, and gut-associated lymphoid tissue due to polyclonal expansion of T and B cells (5, 7) . The T cells at these sites have an activated or memory phenotype (CD69 ϩ CD44 ϩ ) (5, 7, 14) and elevated serum Abs and autoantibodies appear (5, 6) . Fatal autoimmune complications ensue. Between 8 and 20 wk, 25-50% of IL-2-or IL-2R␣-deficient mice die from severe hemolytic anemia. Other mice develop fatal colitis that is reminiscent of inflammatory bowel disease in humans and is associated with inflammation, lymphocyte and neutrophil infiltration, circulating anticolon Abs, thickening of the bowel wall, ulceration, diarrhea, and wasting (5, 7). The precise pathology is strain dependent, as IL-2 Ϫ/Ϫ BALB/c mice develop fatal anemia and multiorgan autoimmune disease more rapidly than C57BL/6 mice yet fail to develop colitis (14) . Like IL-2 Ϫ/Ϫ mice, IL-2R␤-deficient mice develop T and B cell abnormalities, but this occurs as early as 3 wk of age (25) . By contrast, IL-15-and IL-15R␣-deficient mice do not develop autoimmune disease (15) .
Much less is known about the effects of IL-2 deficiency in humans; however, a male child with a mutant, nonexpressed form of the IL-2R␣ gene has been described (26) . This patient was immune compromised and, similar to IL-2R␣-deficient mice, showed signs of T cell autoreactivity evidenced by lymphadenopathy, hepatolosplenomegaly, chronic inflammatory disorders, and dense lymphocytic infiltration of multiple organs including lung, liver, gut, soft tissue, and bone.
Etiology of lymphoid hyperplasia and autoimmunity in IL-2-deficient mice
Several lines of evidence indicate that T cells are necessary and sufficient to initiate the autoimmune syndrome seen in IL-2-or IL-2R-deficient mice. Autoimmunity fails to develop in IL-2 Ϫ/Ϫ ϫ RAG-2 Ϫ/Ϫ mice, which lack T and B cells (27) . Selective ablation of the B cell lineage prevents the development of autoantibodies and hemolytic anemia, but not other aspects of the IL-2 Ϫ/Ϫ phenotype (27) .
IL-2R␣
Ϫ/Ϫ mice engineered to additionally lack CD4 ϩ T cells still show abnormal activation and expansion of CD8 ϩ T cells, although B cell abnormalities are prevented (25, 28) . Conversely, IL-2 Ϫ/Ϫ mice that lack CD8 ϩ T cells still develop colitis, indeed with accelerated kinetics (29) . Finally, IL-2 Ϫ/Ϫ nude mice, which lack a functional thymus, do not develop any autoimmune manifestations, indicating that thymic rather than extrathymic T cells are required for the pathological process. Indeed, transfer of lymphocytes from euthymic IL-2 Ϫ/Ϫ mice into athymic IL-2 ϩ/ϩ mice results in autoimmunity; therefore, IL-2-replete extrathymic T cells are unable to control the dysregulated activity of IL-2-deficient thymically derived lymphocytes (30) .
Some form of antigenic stimulation is required to trigger autoimmunity in IL-2-or IL-2R-deficient mice. For example, colitis does not occur in IL-2 Ϫ/Ϫ mice that are raised in the absence of intestinal flora (7, 16) . Furthermore, colitis and splenomegaly can be induced in such mice by injecting trinitrophenyl-keyhole limpet hemocyanin or trinitrophenyl-OVA, which seems to trigger a general form of T cell-mediated intestinal inflammation that is resolved in wild-type but not IL-2 Ϫ/Ϫ mice (31) . Even in the absence of intestinal flora or environmental Ags, abnormal activation and expansion of T cells still occurs at other sites. This process appears to be initiated by selfAgs, because IL-2R␣ mice engineered to express a transgenic TCR (DO11.10) do not develop an activated T cell phenotype provided the recombination-activating gene 2 (RAG-2) is also deleted so as to preclude the expression of any endogenous TCRs (28) . Interestingly, if the RAG-2 gene is left intact such that endogenous TCRs are expressed on some T cells, T cell dysregulation emerges and involves T cells from both the endogenous and TCR-transgenic subsets.
IL-2 and central tolerance
One early hypothesis to explain the autoimmunity seen in IL-2 Ϫ/Ϫ mice was impaired negative selection of self-reactive thymocytes. This was a reasonable model given that thymocytes respond to IL-2 in vitro (13, 32) , IL-2 is expressed in the thymus (10, 11, 33) , and IL-2R␤ is up-regulated on TCR int CD8 low/Ϫ CD4 ϩ thymocytes, a subset that is undergoing selection and is near maturation to CD4 ϩ or CD8 ϩ thymocytes (34). However, negative selection is consistently reported as being normal in the absence of IL-2 or IL-2R␣ (5, 19, 21, 28) or IL-2R␤ (35, 36) . One exception is a report that IL-2-deficient thymocytes are less susceptible to apoptosis induced by systemic anti-CD3 or Ag treatment; however, this model does not necessarily reflect physiological negative selection (11) . Thus, the idea emerged early that the autoimmune syndrome seen with IL-2 deficiency might instead reflect impaired peripheral tolerance.
IL-2 and the control of activation-induced cell death (AICD)
A second hypothesis to explain the phenotype of IL-2-deficient mice posited an essential role for IL-2 in sensitizing T cells to AICD. AICD is a process that limits the magnitude of T cell expansion through the programmed death of activated T cells, mediated primarily by signals from Fas and TNF (37) . IL-2 has been shown to sensitize T cells to AICD in vitro, in part by up-regulating expression of Fas ligand and the TNFR and down-regulating expression of the caspase inhibitor c-FLIP (38 -40) . Furthermore, IL-2 promotes synthesis of IFN-␥, which is critical for AICD (23, 41) . Consistent with these observations, several groups have reported that T cells from IL-2-or IL-2R-deficient mice are resistant to AICD in vitro and superantigen-induced elimination in vivo (5, 21, 33, (42) (43) (44) . In contrast, other groups claim these processes occur normally in the absence of IL-2 signaling (28, 35) . Similarly, it is controversial whether IL-2 is uniquely able to promote AICD (21, 45) or whether IL-4 and IL-7 can have a similar effect (40) .
Although IL-2 can clearly sensitize T cells to AICD in vitro, the notion that this is the primary mechanism of IL-2-mediated self-tolerance in vivo is challenged by several observations. First, the IL-2R has been shown to induce AICD by activating the downstream transcription factor STAT5 (42), yet mice engineered to express a mutated IL-2R that fails to activate STAT5 do not develop lymphadenopathy or autoimmunity (46) . Second, as discussed further below, mice engineered to express IL-2R␤ in the thymus but not in the periphery (where AICD occurs) do not develop autoimmunity (47) . Finally, in vivo tracking of IL-2-and IL-2R␣-deficient T cells has shown reduced T cell expansion relative to wild-type T cells without a major effect on T cell apoptosis or contraction (28, 48) . Conversely, T cells engineered to have enhanced IL-2R signaling show increased expansion in vivo with no evidence of increased apoptosis (8) . Indeed, claims that IL-2 limits T cell expansion in vivo have generally been based on system-wide perturbations (33, 49, 50) , which may produce unintended secondary effects. Thus, while IL-2 is clearly able to promote AICD in vitro and reduced T cell apoptosis has been observed in IL-2-deficient mice under some conditions, this may not be the primary tolerogenic mechanism for IL-2 in vivo.
IL-2 and regulatory T cells
There is a growing body of evidence that the tolerogenic properties of IL-2 are mediated through regulatory interactions between T cells rather than cell autonomous mechanisms such as impaired negative selection or AICD. Currently, there is evidence for at least three classes of regulatory T cells, including IL-10-producing Tr1 cells, TGF-␤-producing Th3 cells, and CD4
Tregs develop in the thymus and constitute 5-10% of the circulating T cell population in healthy humans and mice. They potently inhibit T cell proliferation in vitro and suppress the activity of autoreactive T cells in vivo (52) 
CD25
ϩ Tregs from conventional, activated CD4 ϩ T cells include the cell surface receptor glucocorticoid-induced TNFR and the transcription factor FoxP3 (55-57). The mechanism by which CD4 ϩ CD25 ϩ Tregs suppress other T cell responses is controversial but requires cell-cell contact in vitro and may involve cytokines such as IL-10 and TGF-␤ in vivo (52) . Importantly, there are differing observations and viewpoints regarding the phenotype and effector mechanisms of Tregs, and it seems likely that additional subclasses will be identified with further research (52) .
The fact that CD25 (IL-2R␣) distinguishes a major subset of Tregs immediately suggested a role for IL-2 in CD4 ϩ CD25 ϩ Treg activity. Moreover, the systemic autoimmunity seen in IL-2-and IL-2R-deficient mice is reminiscent of that seen when CD4 showed that CD4 ϩ T cells from wild-type or IL-2 Ϫ/Ϫ mice are equally able to suppress the development of experimental autoimmune encephalitis in a myelin basic protein TCR transgene model, as well as an Ag-induced hyper-IgE response in a dual T and B cell-transgenic mouse model (66). These and other observations highlight the diversity of Treg subsets and suggest the IL-2 pathway represents a major but not exclusive mechanism for their development and function.
How do IL-2-dependent Tregs maintain lymphoid homeostasis and prevent autoimmunity? The mechanisms by which Tregs suppress the proliferation and activity of other T cells remain poorly defined; however, observations from IL-2-and IL-2R-deficient mice may shed light on this issue. One prominent feature of the IL-2-deficient phenotype is a massive expansion of lymph nodes and spleen due to infiltration by activated T cells, which is consistent with impaired regulation of homeostatic proliferation (5). Homeostatic T cell proliferation is a natural control mechanism that sustains optimal numbers of circulating lymphocytes. It is triggered by low-affinity TCR-mediated recognition of self-peptides, and the subsequent extent of proliferation is determined by the amount of available lymphoid "space," which lymphocytes sense through ill-defined signaling mechanisms (67). IL-2-dependent Tregs could potentially generate or enforce the space signal that normally limits homeostatic proliferation. In the absence of this signal, T cells triggered by low-affinity interactions with selfpeptides would be expected to expand uncontrollably, leading to large numbers of autoreactive T cells followed by lymphadenopathy and autoimmunity.
Almeida et al. (59) evaluated the relationship among Tregs, homeostatic proliferation, and IL-2 signaling. They first showed that adoptive transfer of CD4 ϩ CD25 ϩ T cells prevents the severe lymphoid hyperplasia that normally befalls IL-2R␣-deficient mice. Moreover, by adoptively transferring different CD4 ϩ T cell subsets into T cell-deficient hosts (CD3⑀ knockouts), they found that naive CD4 ϩ T cells expanded on average to ϳ1-2 ϫ 10 7 cells, whereas CD25 ϩ CD4 ϩ Tregs expanded to a 10-fold lower plateau, indicating a fundamental difference in the expansion limits of naive vs regulatory T cells. The naive T cells eventually induced autoimmunity in these mice, whereas the Treg subset did not. Finally, when the different subsets were coadministered, CD4 ϩ CD25 ϩ Tregs were found to limit the expansion of naive T cells in a dose-dependent manner (59). Thus, CD4 ϩ
ϩ Tregs can regulate the expansion plateau of naive CD4 ϩ T cells under lymphopenic conditions and prevent the uncontrolled expansion of IL-2R␣-deficient T cells, which is consistent with Tregs generating or enforcing a space-determining signal.
Wolf et al. (68) also examined the relationship among IL-2 signaling, Tregs, and T cell expansion, although in this case proliferation was triggered by cognate Ag rather than self-peptides. IL-2-deficient T cells expressing the DO11.10-transgenic TCR were adoptively transferred into nude mice, which lack a functional thymus, thereby creating a situation where neither donor nor host T cells contained a CD4 ϩ CD25 ϩ Treg subset. After activation by Ag, the DO11.10 T cells underwent a dramatic and prolonged expansion phase, which could be suppressed by cotransfer of wild-type CD4 ϩ T cells and, in particular, CD4 ϩ CD25 ϩ T cells. To assess potential mechanisms of suppression, they evaluated the surface phenotype of the responding DO11.10 T cells. Responding T cells that had been suppressed by unfractionated CD4 ϩ T cells were found to express CD69 and CD25, indicating they had received an activation signal but failed to expand. By contrast, responding T cells that had been exposed to CD4 ϩ CD25 ϩ Tregs did not express CD25 or CD69, suggesting they had experienced a more proximal block in activation. The authors concluded there may be two distinct mechanisms of suppression deployed by CD4 ϩ Tregs, and the net effect in each case was to limit the magnitude of T cell expansion. Although other interpretations are possible, these results are again consistent with a model in which IL-2-dependent Tregs set the threshold for T cell expansion in vivo.
Conclusions and future directions
The last few years have brought much insight into the enigmatic properties of IL-2. It remains the preferred cytokine for in vitro propagation of CD4 ϩ and CD8 ϩ T cells. However, at least in mice, the contribution of IL-2 to in vivo T cell expansion is subtle and may be restricted to anatomical niches such as nonlymphoid peripheral tissues (48) . Instead, it appears that the major nonredundant role of IL-2 in vivo is to promote the thymic development and peripheral expansion of CD4 ϩ CD25
ϩ Tregs and, though less well characterized, CD8 ϩ Tregs. Loss of Treg activity in IL-2-or IL-2R␤-deficient mice leads to severe, Ag-triggered lymphadenopathy followed by fatal autoimmunity. The evidence to date is consistent with a model in which IL-2-dependent Tregs establish and/or enforce the size of the peripheral T cell compartment and thereby prevent homeostatic and Ag-induced proliferative responses from continuing unchecked toward a state of pathological autoreactivity.
The existence of IL-2-dependent Tregs is supported by numerous genetic and adoptive transfer experiments, yet still lacking is a direct demonstration that developing Tregs express a functional IL-2R and receive an IL-2 signal in the thymus. Furthermore, since the biochemical signals generated by the IL-2R are similar if not identical to those from the IL-7R and IL-15R, it is unclear why Tregs are uniquely dependent on IL-2 for their development and peripheral expansion compared with conventional T cells, which are well supported by these other cytokines. On this note, it was recently reported that STAT5 mediates a necessary and sufficient signal for Treg development (69, 70), yet this transcription factor is activated by many cytokines in addition to IL-2, including IL-7, IL-9, and IL-15. An additional unresolved issue concerns the sources of IL-2 used by Tregs in the thymus and periphery. Tregs themselves have been ruled out, which implies that these cells themselves are under the control of other thymic and peripheral cells that provide paracrine IL-2. One intriguing possibility is that, in the periphery, the IL-2 produced by conventional T cells upon exposure to Ag serves to attract or expand the Treg subset, which in turn limits the T cell proliferative response, thereby forming a classic negative feedback loop. We also do not yet understand the extent to which the IL-2-dependent Treg subset overlaps with Treg subsets identified in other experimental contexts, such as neonatal thymectomy, FoxP3 deficiency, or tolerance induction. Genetic crosses or adoptive T cell transfers between these different mouse models should help resolve this issue. Finally, it remains unclear to what extent the immunoregulatory properties of IL-2 are attributable to AICD vs Treg activity under different physiological conditions. Conditional deletion of the IL-2 or IL-2R␣ genes at different stages of T cell development and function would help resolve this important issue.
As for the clinical modulation of IL-2 signaling, the key lesson from mice is that the physiological functions of IL-2 are complex and currently difficult to predict. Use of anti-CD25 Abs (anti-Tac) during organ transplantation could potentially deplete CD4 ϩ CD25 ϩ Tregs, which may lead to increased alloreactivity. In contrast, since Tregs are capable of homeostatic expansion, anti-CD25 treatment could theoretically create lymphoid space that becomes repopulated with allospecific, tolerogenic Tregs. Furthermore, since IL-2 can reverse the suppressive activity of mature Tregs (at least in vitro), anti-CD25 Abs could potentially sustain the Treg phenotype in vivo by protecting CD4 ϩ CD25 ϩ T cells from IL-2 signals. Similarly, it is difficult to predict how systemic infusion of IL-2 might affect the proliferation and suppressive phenotype of Tregs. Indeed, in murine studies, the timing of IL-2 infusion with respect to the T cell proliferative program dictates whether IL-2 promotes or inhibits T cell expansion (50, 71) . Finally, it is important to consider the retention and bioavailability of IL-2 in different tissues, which may have a profound influence on its biological properties (33, 72) .
Despite the potential issues raised by genetic studies in mice, the fact remains that, at least in some patients, anti-CD25 Abs can promote tolerance to allografts and systemic IL-2 infusion can boost antitumor immunity, enhance T cell counts in HIV patients, and prolong the survival of infused therapeutic T cells (2) (3) (4) 73) . This does not reflect a species difference, as similar responses are seen in mice after anti-CD25 treatment or systemic IL-2 infusion (50, 71, 74) . Instead, this likely reflects important differences between what IL-2 does under normal conditions vs what IL-2 can do when therapeutically manipulated. Despite some success, there is clearly much room for improvement with respect to the clinical use of IL-2 or anti-CD25 Abs. It seems the best way forward is to carefully monitor the responses of different T cell subsets in patients undergoing IL-2-based immunomodulation so as to test the new hypotheses arising from murine studies, as some groups are beginning to do (75) . One can measure increases or decreases in Treg activity using the molecular markers and in vitro suppression assays that are now available, and the specificity and precision of these assays will improve as we further elucidate the different Treg subsets in humans, their physiological target Ags, and their contribution to health and disease. Clearly, IL-2 represents an important control point for manipulating the balance between regulatory and effector T cell function in vivo, and our enlightened understanding of this cytokine offers new hope for the rational control of T cell responses in patients with malignant and infectious diseases.
